Abstract. The gas-phase reactivity of two aromatic carbon-centered σ,σ-biradicals (meta-benzyne analogs) and a related monoradical towards small oligonucleotides of differing lengths was investigated in a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer coupled with laser-induced acoustic desorption (LIAD). The mono-and biradicals were positively charged to allow for manipulation in the mass spectrometer. The oligonucleotides were evaporated into the gas phase as intact neutral molecules by using LIAD. One of the biradicals was found to be unreactive. The reactive biradical reacts with dinucleoside phosphates and trinucleoside diphosphates mainly by addition to a nucleobase moiety followed by cleavage of the glycosidic bond, leading to a nucleobase radical (e.g., base-H) abstraction. In some instances, after the initial cleavage, the unquenched radical site of the biradical abstracts a hydrogen atom from the neutral fragment, which results in a net nucleobase abstraction. In sharp contrast, the related monoradical mainly undergoes facile hydrogen atom abstraction from the sugar moiety. As the size of the oligonucleotides increases, the rate of hydrogen atom abstraction from the sugar moiety by the monoradical was found to increase due to the presence of more hydrogen atom donor sites, and it is the only reaction observed for tetranucleoside triphosphates. Hence, the monoradical only attacks sugar moieties in these substrates. The biradical also shows significant attack at the sugar moiety for tetranucleoside triphosphates. This drastic change in reactivity indicates that the size of the oligonucleotides plays a key role in the outcome of these reactions. This finding is attributed to more compact conformations in the gas phase for the tetranucleoside triphosphates than for the smaller oligonucleotides, which result from stronger stabilizing interactions between the nucleobases.
Introduction
T he biological activity of the enediyne anti-tumor drugs, the most potent family of anticancer agents discovered so far, arises from the formation of aromatic carbon-centered σ,σ-biradical intermediates with a 1,4-relationship (para-benzyne analogs) that abstract a hydrogen atom from a sugar moiety in each strand of double-stranded DNA, causing irreversible damage [1, 2] . However, the clinical use of these drugs is hindered by their high cytotoxicity. Knowledge of the chemical properties of the biradical intermediates would facilitate the strategic design of less toxic, synthetic anti-tumor drugs. Unfortunately, studies on the reactions of biradicals with DNA at the molecular level are challenging because of the difficulty in generating such biradicals as well as the complexity of DNA. Even studies carried out on reactions of phenyl radicals with biomolecules in solution are limited and the identity of the attacking radical is often not clear [3] [4] [5] .
Gas-phase experiments allow the reactivities of biradicals to be examined in a solvent-free environment, which eliminates competing reactions with substrates other than those of interest. By affixing a chemically inert charged group to a biradical (Bdistonic ion approach^) [6] , the biradical can be trapped in an ion trap mass spectrometer and its reactivity can be studied.
The distonic ion approach has been utilized to investigate the reactivities of many biradicals toward small organic molecules as well as DNA components in mass spectrometers [7] [8] [9] . Recent studies have shown that charged radicals behave similarly in the gas phase and in solution [10] .
Gas-phase studies have provided invaluable insights regarding the reactivity-controlling parameters of mono-and biradicals, such as the polarity of the transition state. Previous studies have suggested that the polarity of the transition state of a charged phenyl radical depends on the electrophilicity of the radical [11] . As the electrophilicity increases, the transition states for its reactions become more polar, which leads to lower transition state energies [12] . Relative electrophilicities of radicals can be estimated based on their calculated vertical electron affinities (EA, which is defined as the energy released when an electron is added to the radical site). Hence, a higher (calculated) EA usually leads to more polar transition states and, thus, greater reactivity. This finding also explains the substituent effects that have been observed for the reactivity of phenyl radical. For example, it has been found that fluorine substitution increases the EA of the radical, which significantly enhances its reactivity [13] .
Just as EA influences reactions of polar monoradicals, it also influences the reactions of biradicals [14] . However, in addition to EA, the magnitude of the singlet-triplet splitting (ΔE S-T , defined as the energy difference between the singlet ground state and the lowest energy triplet state) has also been found to influence the reactivity of biradicals [15, 16] . This effect arises from the need to partially uncouple the electrons in the transition state of a radical reaction, which increases the energy of the transition state. Therefore, a larger S-T splitting results in higher transition state energies for reactions of the biradical. Indeed, a previous study has shown that singlet ground state σ,σ-biradicals with a large S-T splitting are either unreactive or attack riboses via non-radical pathways [9] .
However, in spite of large S-T splittings, some σ,σ-biradicals with a 1,3-relationship (meta-benzyne analogs) have been found to undergo radical reactions (in addition to nonradical reactions) if the separation between the two radical sites is relatively large [17] . According to Cramer and Debbert, meta-benzyne analogs can be represented by a zwitterionic resonance structure, which consists of a cyclopropenium cation and an allyl anion (Scheme 1) [18] . The stability of the zwitterionic resonance structure influences the separation (distance) between the two radical sites [hereafter referred to as the Bdehydrocarbon atom separation^(DAS)]. Resonance stabilization of the zwitterionic structure results in a smaller DAS, whereas resonance destabilization results in a larger DAS. It should be noted that the potential energy surface for DAS is very flat for most meta-benzyne analogs. Hence, very small changes in energy can make a substantial change in DAS [17] . A meta-benzyne moiety with a large DAS usually undergoes more rapid radical reactions than a meta-benzyne analog with a small DAS [17] . While the DAS for a metabenzyne analog provides some information about its relative reactivity, we have recently shown [19] that the Bdistortion energy^is a key reactivity-controlling factor for meta-benzyne analogs. The Bdistortion energy^is the energy required to separate the two radical sites in a metabenzyne analog from the minimum energy geometry (i.e., DAS) to a distance of ca. 2.3 Å -a distance that virtually all transition state geometries of meta-benzynes for hydrogen atom abstraction was calculated to have in common [19] . In general, meta-benzyne analogs having a minimum energy geometry with a small DAS have a large distortion energy, and vice versa (Scheme 2). The greater the distortion energy, the greater the activation energy is for the reaction [19] . Finally, we note that meta-benzyne itself was not studied here; however, high-level calculations [CCSD(T)] indicate that the bicyclic isomer of meta-benzyne does not exist and that the DAS for the minimum energy geometry is 2.013 Å [20] .
As described above, vertical EA is also a key reactivitycontrolling factor for mono-and biradicals. For meta-benzyne analogs in particular, we have shown [19] that the (calculated) EA at a DAS of 2.3 Å (i.e., DAS of hydrogen atom abstraction transition state geometries, see above) provides better agreement with not only calculated activation enthalpies but also experimental reaction efficiencies than the (calculated) EA at the minimum energy geometry.
In addition to the ability to Btune^its reactivity, metabenzyne is known to be more stable than para-benzyne. For example, the experimentally determined heat of formation for meta-benzyne is 12 kcal mol -1 lower than the heat of formation for para-benzyne [21] . Given these properties, the study of reactions of meta-benzyne analogs with DNA is especially interesting as they may provide a more selective warhead for anti-tumor drugs than the naturally occurring para-benzyne analogs.
Previous studies have demonstrated that laser-induced acoustic desorption (LIAD) coupled with a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer provides a powerful tool to study the reactivity of highly reactive species (such as σ,σ-biradicals) toward thermally labile and nonvolatile biomolecules [22, 23] . LIAD allows for desorption of thermally labile biomolecules, such as oligonucleotides, into the FT-ICR as intact neutral molecules with low internal and kinetic energies [24] [25] [26] . The reactivity of two meta-benzyne analogs toward dinucleoside phosphates has been studied in a dual-cell FT-ICR coupled with LIAD [27] . One of the biradicals was found to be unreactive toward dinucleoside phosphates. On the other hand, the reactive biradical was found to attack dinucleoside phosphates mainly by addition to nucleobases. Attack at the sugar moiety was not observed. In order to Scheme 1. The zwitterionic resonance structure for metabenzyne (far right) investigate the influence of the size of oligonucleotides on their reactivity toward aromatic carbon-centered σ,σ-biradicals, particularly meta-benzyne analogs, we herein report the gas-phase reactivity of two meta-benzyne analogs and one related monoradical (Scheme 2) toward oligonucleotides of different lengths by using FT-ICR coupled with LIAD.
Experimental
All experiments were carried out in a Nicolet model FTMS 2000 (current distributor Thermo Scientific), 3 T dual cell FT-ICR mass spectrometer that was equipped with a LIAD probe. The charged mono-and biradicals were generated inside the FT-ICR cell by using procedures that have been described previously [26, 27] . The precursors of the two carbon-centered σ,σ-biradicals (5,7-dinitroquinoline and 6,8-dinitroquinoline) were synthesized using known methods [28] [29] [30] . The precursor for the related monoradical (6-nitroquinoline, 98%), was purchased from Sigma-Aldrich and used as received. The precursors were introduced into one side of the dual cell of the FT-ICR by using a thermal solids probe that was heated to 130°C. The nominal pressures of the precursors ranged from 0.5 to 4.0 × 10 -8 Torr in the cell, as measured by a BayardAlpert ionization gauge. The precursors underwent chemical ionization with methyl iodide that was introduced into the same cell via a pulsed valve assembly. Electron ionization of methyl iodide (30 eV electron energy, 7 μA electron current) results in formation of the chemical ionization reagent ion, dimethyliodonium cation. During the chemical ionization time of 5 to 15 s, the dimethyliodonium cation transferred a methyl cation to the mono-and biradical precursors, forming N-methylated mono-and biradical precursors.
The charged mono-and biradical precursors were then subjected to quadrupolar axialization [31] [32] [33] (QA) for 0.5-1 s before they were transferred into the second clean cell through a 2 mm hole in the conductance limit by grounding the conductance limit plate for approximately 150-165 μs. QA results in Baxialization^of the precursor ions into the center of the cell and hence improves transfer efficiency. QA was performed by applying a radio frequency (rf) pulse at the cyclotron frequency of the precursor ions to the two excitation plates and two detection plates of the cell in the presence of a collision gas (helium) at a relatively high pressure (nominal pressure ca. 10
Torr). The same phase of the rf pulse was applied to the excitation plates, and the opposite phase was applied to the detection plates, generating a quadrupolar field that was in resonance with the cyclotron motion of the precursor ions. This process results in quadrupolar excitation of the precursor ions and converts their magnetron motion into cyclotron motion. Collisions with helium gas cool the cyclotron motion faster than magnetron motion, which allows the ions to return into the center of the cell (which is the energy minimum for cyclotron motion), while the rest of the ions in the cell undergo radial diffusion. The conductance limit was grounded immediately following QA. This allowed efficient transfer of the precursor ions into the second cell.
The radical sites were generated by using sustained offresonance irradiation collision-activated dissociation (SORI-CAD) using argon as the collision gas [27] . Argon was introduced into the cell via a pulsed valve assembly at a nominal peak pressure of approximately 10 -5 Torr. SORI-CAD was performed by applying an rf pulse to the excitation plates at a frequency that was 1 kHz greater than the cyclotron frequency of the precursor ions. This causes the precursor ions to be kinetically excited and de-excited while keeping the ions close to the center of the cell. Collisions with argon gas convert the kinetic energy of the ions into internal energy, which then results in a homolytic cleavage of the weakest bond (e.g., either C-NO 2 or C-I), yielding the radical site(s).
The charged mono-and biradicals were then isolated by removing all unwanted ions from the cell with a series of stored-waveform inverse Fourier-transform (SWIFT) excitation pulses [31] [32] [33] . The isolated charged mono-and biradicals were allowed to react with neutral oligonucleotides that were introduced into the same cell by using LIAD.
The oligonucleotides (purity >97%) were synthesized by Sigma-Genosys and used as received. The oligonucleotides were dissolved in pure methanol (99.9%) at a concentration of 1 mg/mL; 150-200 μL of the oligonucleotide solution was electrospray-deposited onto a circular thin titanium foil (1.7 cm in diameter), and the back side of the foil was then subjected to Scheme 2. Structures of the mono-and biradicals studied here. EA 2, 3 : calculated EA at a dehydrocarbon atom separation of 2.3 Å; ΔE S-T : singlet-triplet splitting; DAS: dehydrocarbon atom separation for the minimum energy geometry; distortion energy: energy required to separate the dehydrocarbon atoms from the minimum energy geometry to 2.3 Å. All values were calculated at the CASPT2/cc-pVTZ//UB3LYP/cc-pVTZ level of theory pulses of laser light. The acoustic waves generated by the laser pulses propagated through the foil, resulting in desorption of intact neutral molecules from the opposite side of the foil [25] . The laser used for LIAD was a Continuum Minilite II Nd:YAG laser operating at 10 Hz with 532 nm wavelength and laser power of 3.5 mJ/shot. The laser beam was transmitted through an optic fiber and focused to an area of approximately 10 −3 cm 2 on the foil surface [25] . The number of laser shots varied from 100 to 200 to allow desorption of a sufficient amount of the oligonucleotides into the FT-ICR. The product ions of the reactions between the charged mono-and biradicals with the neutral oligonucleotides were excited by using a broadband chirp excitation (1.9 kHz to 2.6 MHz, 200 V peak to peak amplitude, chirp rate 3200 Hz/μs), and then detected. The data were obtained by collecting 64 k data points at the acquisition rate of 5333 kHz and were subjected to Hanning apodization followed by one zero-fill prior to Fourier transformation. Each reaction spectrum was subjected to background correction by using a previously described procedure [34] .
Computational Methods
Density functional theory (DFT) calculations were carried out with the Gaussian 09 electronic structure program suite [35] . The DFT calculations used the gradient-corrected exchange functional of Becke [36] , which was combined with the gradient-corrected correlation functional of Lee et al. [37] (B3LYP). Geometries for all species were computed with the correlation-consistent polarized valence-triple-ζ (cc-pVTZ [38] ) basis set. All DFT geometries were verified to be local minima by computation of analytic vibrational frequencies, and these (unscaled) frequencies were used to compute zero-point vibrational energies (ZPVE) and 298 K thermal (H 298 -E 0 ) contributions for all species. DFT calculations for doublet (monoradical) and triplet (biradical) states employed an unrestricted formalism. Total spin expectation values for Slater determinants formed from the optimized Kohn-Sham orbitals did not exceed 0.76 and 2.03 for doublet and triplet states, respectively. For singlet biradicals, the DFT Bwave functionŵ as allowed to break spin symmetry by using an unrestricted formalism [39] [40] [41] [42] [43] .
To improve the molecular orbital calculations, dynamic electron correlation was also accounted for by using multireference second-order perturbation theory (CASPT2) [44, 45] for multiconfigurational self-consistent field (MCSCF) reference wave functions. The MCSCF calculations were of the complete active space (CASSCF) variety [46] and included (in the active space) the full π-space for each molecule and the nonbonding σ orbital(s). These calculations were carried out for the DFT optimized geometries. Some caution must be applied in interpreting the CASPT2 results since this level of theory is known to suffer from a systematic error proportional to the number of unpaired electrons [47] . In general, then, the electronic energies are of the CASPT2/cc-pVTZ//UB3LYP/ccpVTZ variety, and estimates of the thermodynamic quantities E 0 and H 298 are derived by adding to these electronic energies ZPVE and the sum of ZPVE and (H 298 -E 0 ), respectively, where the latter are derived from the DFT calculations.
In order to compute vertical EA, single-point calculations (CASPT2/cc-pVTZ//UB3LYP/cc-pVTZ) were carried out for the states that are produced when a single electron is added to one of the nonbonding σ orbitals of the mono-or biradical [48] . Thus, these calculations were carried out for (zwitterionic) singlet and doublet states, respectively [49] . The vertical EAs of the radicals were computed as [E 0 (radical; ground state)] -[E 0 (radical + electron; zwitterionic state)]. Note that because these are vertical EAs, zero-point vibrational energies (ZPVEs) and 298 K thermal contributions to the enthalpy are not included.
CASPT2 calculations were carried out with the MOLCAS electronic structure program suite [50] . Conformational analyses for the oligonucleotides were carried out by using the AMBER force field in Macromodel [51] .
Results and Discussion

Desorption of Oligonucleotides into the Gas Phase by Using LIAD
In order to demonstrate the capability of LIAD to evaporate thermally labile, nonvolatile oligonucleotides into the gas phase as intact neutral molecules, a hexanucleoside pentaphosphate (dApdApdApdApdApdA; MW = 1816 Da) was desorbed from a foil by using LIAD, and the desorbed molecules were collected in a glass vial. The desorbed molecules in the glass vial were dissolved in methanol/water solution and analyzed by using electrospray ionization (ESI) coupled with a linear quadrupole ion trap mass spectrometer. The mass spectrum measured was compared with the mass spectrum obtained from the authentic compound dissolved in methanol/water solution. Both mass spectra ( Figure S1 , Supporting Information) show a parent peak with mass-to-charge (m/z) ratio of 1815, which corresponds to the deprotonated oligonucleotide [M -H] -. This result shows that LIAD allows desorption of oligonucleotides into the gas phase with no fragmentation.
Reactivity of the Charged Mono-and Biradicals toward Nucleosides
The results obtained for reactions of charged monoradical, Nmethyl-6-dehydroquinolinium cation, and two charged biradicals, N-methyl-5,7-didehydroquinolinium cation and Nmethyl-6,8-didehydroquinolinium cation, with several nucleosides are given in Table 1 . The charged monoradical reacts with nucleosides predominantly by hydrogen atom abstraction, which is in agreement with the results reported for neutral phenyl radical and hydroxyl radical in solution [3] . Some addition/elimination reactions, such as nucleobase abstraction, nucleobase-H abstraction, addition-H, addition-CH 3 , as well as formation of a stable adduct were also observed (Table 1) .
In order to explore the reactivity of monoradicals toward DNA components in the gas phase, earlier studies focused on the reactivity of a charged monoradical, Nphenyl-3-dehydropyridinium cation, toward nucleobases and 2-deoxy-D-ribose [8, 52] . N-Phenyl-3-dehydro pyridinium cation reacts with adenine by major addition/ elimination pathways (addition, 28%; addition-H, 66%) and a minor hydrogen atom abstraction (6%) pathway. More hydrogen atom abstraction was observed for cytosine (34%) and thymine (70%) and it is the only reaction observed for 2-deoxy-D-ribose. The reaction efficiencies (i.e., percentages of collisions that lead to reaction) for hydrogen atom abstraction from the different substrates indicate that hydrogen atom abstraction is fastest from 2-deoxy-D-ribose (32%), followed by cytosine (24%), thymine (15%), and adenine (3%).
Calculated reaction enthalpies have been used to identify the preferred hydrogen atom donor sites in nucleobases and 2-deoxy-D-ribose [8, 52] . For 2-deoxy-D-ribose, any of the C-H bonds contained within the sugar can be a hydrogen atom donor. For cytosine, the NH 2 group as well as the OH group of the enol form are the preferred hydrogen atom donor sites. For thymine, the preferred hydrogen atom donor site is the CH 3 group, whereas for adenine it is the NH 2 group.
Based on the earlier studies on reactions of N-phenyl-3-dehydropyridinium cation with nucleobases and 2-deoxy-Dribose [8, 52] , the hydrogen atom donor sites in nucleosides are expected to be as follows: for 2′-deoxyadenosine, exclusively the C-H bonds in the sugar moiety, and for 2′-deoxycytidine and thymidine, either the nucleobase or the sugar moiety. In addition, based on calculated reaction enthalpies [53] , hydrogen atom abstraction should occur exclusively from the sugar a Electron affinities (EA) and singlet-triplet splittings (ΔE S-T ) calculated at the CASPT2/cc-pVTZ//UB3LYP/cc-pVTZ level of theory. b G = guanine; A = adenine; C = cytosine; T = thymine; abs = abstraction.
moiety for 2′-deoxyguanosine. This expectation is supported by the finding that hydrogen atom abstraction from 2′-deoxycytidine and thymidine occurs faster than from 2′-deoxyguanosine and 2′-deoxyadenosine (Table 1) . Despite their similar S-T splittings and EAs (Table 1 ; Scheme 2), the two charged biradicals show vastly different reactivity toward nucleosides. N-Methyl-5,7-didehydroquinolinium cation is completely unreactive, whereas N-methyl-6,8-didehydroquinolinium cation reacts primarily by nucleobase abstraction. This difference in the reactivity can be attributed to: (1) the smaller S-T splitting, (2) the higher EA, and (3) the smaller distortion energy (Scheme 2 ) for N -methyl-6,8-didehydroquinolinium cation compared with N-methyl-5,7-didehydroquinolinium cation. Molecular orbital calculations (UBLYP/cc-pVDZ//UBLYP/cc-pVDZ level of theory) on the potential energy surfaces for N-methyl-5,7-didehydroquinolinium cation and N-methyl-6,8-didehydroquinolinium cation (Figure 1) show that a larger DAS makes it energetically easier for N-methyl-6,8-didehydroquinolinium cation to reach the transition state geometry (where the DAS is 2.3 Å; see above).
AsshowninFigure1,theN-methyl-5,7-didehydroquinolinium cation requires a higher energy (distortion energy: ca. 9 kcal mol ) (note that these distortion energies are slightly different from those shown in Scheme 2 because different levels of theory were used). Hence, the N-methyl-6,8-didehydroquinolinium cation should undergo radical reactions faster than the N-methyl-5,7-didehydroquinolinium cation. This finding is in agreement with previous results correlating transition state energies with DAS and distortion energies [19] .
In contrast to the monoradical, the reactive charged biradical attacks nucleosides primarily by nucleobase abstraction via an addition/elimination mechanism. Addition/elimination reactions dominate upon interaction of N-methyl-6,8-didehydroquinolinium cation with nucleosides because the coupling of its electrons hinders hydrogen atom abstraction more than addition/ elimination reactions, as suggested previously [7, 54] . Furthermore, the difference in the reactivity of the mono-and biradicals toward nucleosides can also be attributed to a difference in the EA of the radical site(s) for the monoradical and the biradicals. Previous studies suggested that an increase in EA of the radical site facilitates addition/elimination reactions more than hydrogen atom abstraction due to the presence of many different molecular orientations for addition reactions that lead to a favorable transition state [8, 55, 56] . Therefore, addition/elimination reactions are more sensitive to a change in EA of the radical site than hydrogen atom abstraction. Because a biradical is more electron deficient than a monoradical, and thus more electrophilic, it typically has a higher EA than either of the corresponding monoradicals. Here, the EA 2.3 of N-methyl-6,8-didehydroquinolinium cation (EA 2.3 : 5.21 eV; Scheme 2) is much greater than the EA for the related monoradical, N-methyl-6-dehydroquinolinium cation (4.63 eV; Scheme 2), but it is slightly lower than that for N-methyl-8-dehydroquinolinium cation (5.32 eV).
Skeletal fragmentation by loss of HNCO was observed for 2′-deoxycytidine upon reaction with N-methyl-6,8-didehydroquinolinium cation. The same skeletal fragmentation of cytosine has been reported upon attack of N-methyl-6,8-didehydroquinolinium cation on dinucleoside phosphates containing cytosine [27] , and cytosine itself [54] . These results suggest that cytosine is especially fragile upon biradical attack compared with other nucleobases. Indeed, loss of HNCO has been also observed upon collision-activated dissociation of an adduct formed between cytosine and an ionic enediyne when dCpdC was allowed to react with the enediyne in solution [57] .
The proposed mechanism for guanine abstraction by the Nmethyl-6,8-didehydroquinolinium cation from 2′-deoxyguanosine is shown in Scheme 3.
The reaction is initiated by addition of the biradical to C8 of guanine, which has been calculated to be the most favored addition site for hydroxyl radical [58] . cc-pVTZ) indicate that the radical site at the 6-position is more electrophilic than the radical site at the 8-position (Scheme 4). It is likely, then, that reaction occurs at the 6-position of the biradical. It should be noted here that the radical at the 8-position was erroneously proposed earlier to be the site that attacks dinucleoside phosphates [27] . Addition of the biradical at C8 of guanine is followed by cleavage of the glycosidic bond, leading to guanyl radical abstraction. The unquenched radical site at the 8-position then undergoes hydrogen atom abstraction from the sugar moiety, or its fragments, to yield a net guanine abstraction product (Scheme 4).
Reactivity of the Charged Mono-and Biradicals toward Oligonucleotides of Differing Lengths
The results obtained for reactions of the charged monoradical, N-methyl-6-dehydroquinolinium cation, and the two charged biradicals, N-methyl-5,7-didehydroquinolinium cation and Nmethyl-6,8-didehydroquinolinium cation, with several oligonucleotides of differing lengths and containing only adenine and guanine bases are given in Table 2 . Similar to the reactions with nucleosides, the N-methyl-5,7-didehydroquinolinium cation is completely unreactive toward the dinucleoside phosphate and the trinucleoside diphosphates examined. Examination of the reactivity of the reactive charged biradical, N-methyl-6,8-didehydroquinolinium cation, and the monoradical, N-methyl-6-dehydroquinolinium cation, toward the oligonucleotides revealed that the size of the oligonucleotide influences its reactions with both the mono-and biradical ( Table 2 ). As the size of the oligonucleotide increases, the monoradical undergoes faster hydrogen atom abstraction due to the presence of more hydrogen atom donor sites, and it was the only reaction observed for tetranucleoside triphosphates.
Since hydrogen atom abstraction from the sugar moiety occurs at a much greater rate than from nucleobases [8] , it can be concluded that the monoradical only attacks sugar moieties in tetranucleoside triphosphates. In contrast to the monoradical, the biradical reacts with smaller oligonucleotides exclusively by addition to the nucleobase, leading to nucleobase and nucleobase radical (base-H) abstraction, as described above. Surprisingly, two new reactions, C 5 H 6 O 2 abstraction and C 4 H 4 abstraction, were observed for the reactions of the biradical with tetranucleoside triphosphates (Figure 2 ; Table 2 ). These reactions most likely occur by attack at the sugar moiety and the reasoning for this expectation is discussed next.
Formation of the [
-, see Scheme 5 for nomenclature) has been observed during electron detachment dissociation (EDD) of multideprotonated oligonucleotides [59, 60] .
The mechanism of this reaction provided insights into the mechanism of the observed C 5 H 6 O 2 abstraction by the biradical. The dissociation process is initiated by hydrogen atom abstraction from C4 of the sugar moiety by an oxygen radical at the phosphate group formed upon EDD (Scheme 6). This is followed by homolytic cleavage of -anion (Scheme 6) [59] . Further, a previous gas-phase study on a charged aromatic σ,σ-biradical, the N-methyl-4,6-didehydroisoquinolinium cation, suggests that the attack of the biradical on riboses is initiated by hydrogen atom abstraction by the radical site at C4 [9] . Hence, an initial hydrogen atom abstraction from a sugar moiety of a tetranucleoside triphosphate by the most electrophilic radical site in N-methyl-6,8-didehydroquinolinium cation (C6; see above), followed by an analogous fragmentation as proposed for the formationofthe[C 5 H 5 O 2 ] -anion(Scheme6),mayexplainthefirststepsof C 5 H 6 O 2 abstraction by the N-methyl-6,8-didehydroquinolinium cation. Hydrogen atom abstraction is likely followed by radicalinduced fragmentation of the neutral tetranucleoside triphosphate in a similar way as the fragmentation caused by EDD of a multideprotonated tetranucleoside triphosphate (Scheme 6), as shown in Scheme 7. This radical-induced fragmentation yields a sugar radical [a 1 ]
• and w 3 neutral fragment as well as a charged aromatic monoradical (Scheme 7). This reaction is followed by a rapid radical-radical recombination reaction between the unquenched radical site at the 8-position of the biradical and the [a 1 ]
• fragment. The extra energy gained by the system upon this reaction causes elimination of a guanyl radical followed by elimination of a hydrogen atom to give the overall C 5 H 6 O 2 abstraction product ion (Scheme 7). Another new reaction, C 4 H 4 abstraction, was also observed (Table 2 ). This reaction may occur in the same way as C 5 H 6 O 2 abstraction except that the final product eliminates CO and H 2 O via yet unknown mechanisms.
The new reactions observed for the tetranucleoside triphosphates suggest that as the size of the oligonucleotide increases, the biradical begins to attack the sugar moiety. This effect may be due to conformational changes of the Scheme 5. Oligonucleotide fragmentation nomenclature [19] oligonucleotides. The gas-phase conformations of small, neutral, single-stranded oligonucleotides depend on their size, base composition, and base sequence [61] [62] [63] . These properties contribute to different stabilizing hydrogenbonding and π-stacking interactions between the nucleobases [61] [62] [63] . In general, π-stacking energies increase as the size of the oligonucleotide increases. For example, dGpdG has one π-stacking interaction and the π-stacking energy has been calculated to be 2.42 kcal/mol [61] . On the other hand, dGpdGpdG contains two π-stacking interactions and the total π-stacking energy has been calculated to be 9.70 kcal/mol [61] .
To investigate the influence of conformation of the oligonucleotides on their reactivities toward the mono-and biradical, the minimum energy conformers for dGpdGpdApdA and the related trinucleoside diphosphates, dGpdGpdA and dGpdApdA, were calculated using the AMBER force field (Figure 3 ). The number of stabilizing π-stacking and hydrogen-bonding interactions (interaction [64] with a separation less than or equal to 3.0 Å between the hydrogen atom and -anion upon EDD of a multideprotonated oligonucleotide [53] Scheme 7. Proposed mechanism for C 5 H 6 O 2 abstraction from dGpdGpdApdA by N-methyl-6,8-didehydroquinolinium cation the acceptor atom, and an angle between the donor-hydrogen and the acceptor between 90 o and 180 o ) between the nucleobases were then determined. dGpdGpdA has one π-stacking interaction between the two guanine bases and 12 hydrogen-bonding interactions involving the nucleobases. For dGpdApdA, no π-stacking interactions were found and there are 11 hydrogen-bonding interactions involving the nucleobases. On the other hand, dGpdGpdApdA was found to have two π-stacking interactions (one between guanines and another between adenines) and 13 hydrogen-bonding interactions involving the nucleobases. These results suggest that larger oligonucleotides have stronger interactions between the nucleobases, as expected. The stronger interactions between the nucleobases in larger oligonucleotides may hinder the attack of the biradical (and the monoradical) at the nucleobases and direct their attack to the sugar moieties, as observed for tetranucleoside triphosphates.
Previous studies [27, 54] have revealed the susceptibility ordering of nucleobases toward biradical attack to be guanine > adenine > cytosine > thymine, which reflects the trend of ionization energies of the individual nucleobases (7.9, 8.3, 8.5 , and 9.0 eV [65] , respectively). The same trend was observed in this study. For example, for dGpdCpdT, attack at guanine by the biradical led to a more abundant product than that for attack at cytosine, and attack at thymine was not observed (Table 3 ). In addition, the branching ratios of the reaction products observed for dGpdGpdA and dGpdApdG (Table 2) indicate that guanine is more susceptible to biradical attack than adenine.
To investigate the effect of oligonucleotide's conformation on the susceptibility ordering of nucleobases for biradical attack, the minimum energy conformer of dGpdCpdT was identified by using AMBER force field calculations (Figure 4 ). This oligonucleotide was found to be stabilized by 15 hydrogen-bonding interactions [64] , but no π-stacking interactions were found.
Additionally, the number of hydrogen-bonding interactions involving each nucleobase was determined. Guanine was found to have 12 hydrogen-bonding interactions, whereas cytosine and thymine were found to have one and five hydrogen-bonding interactions, respectively. This finding suggests that the number of hydrogen-bonding interactions between the nucleobases does not direct the attack of the biradical to a particular nucleobase. For example, even though guanine was involved in a larger number of hydrogen-bonding interactions than cytosine and thymine, guanine dGpdGpdA dGpdApdA dGpdGpdApdA wasfoundtobemostsusceptibletobiradicalattack(Table3).Hence, while the conformation of the oligonucleotide may direct the attack of the biradical to the sugar moiety, it does not influence the susceptibility ordering of the nucleobases toward biradical attack. Instead, thenucleobasewiththelowerionizationenergywillbepreferentially attacked, as suggested by previous studies [27, 54] .
Conclusions
This study demonstrates the capability of LIAD coupled with FT-ICR mass spectrometry to study gas-phase reactivity of aromatic carbon centered σ-type mono-and biradicals (particularly meta-benzyne analogs) toward nucleosides and small, single-stranded oligonucleotides of different lengths. LIAD was shown to evaporate thermally labile, nonvolatile oligonucleotides into the gas phase as intact neutral molecules. This enabled the examination of their reactions with a charged mono-and biradical trapped in the FT-ICR cell.
The results show that the number of radical sites and the exact structure of the radical species influence the outcome of the reactions. Among the two meta-benzyne analogs that were studied, one was found to be unreactive toward nucleosides and oligonucleotides due to its large S-T splitting, low EA, and high distortion energy, as suggested in a previous study [27] . The reactive meta-benzyne analog, N-methyl-6,8-didehydroquinolinium cation, damages nucleosides and oligonucleotides predominantly by nucleobase abstraction via addition/elimination reactions, whereas the analogous monoradical, N-methyl-6-dehydroquinolinium cation, damages them via predominant hydrogen atom abstraction. The difference in the reactivity of the mono-and biradical can be attributed to a difference in their EA. Since the biradical is more electrophilic (i.e., has a greater EA) than the related monoradical, it undergoes addition/elimination reactions faster than hydrogen atom abstraction as these reactions are more sensitive to polar effects.
Examination of the reactivity of oligonucleotides with different nucleobase compositions revealed that the nucleobase with the lower ionization energy will be preferentially attacked by the biradical, as suggested by previous studies [27, 54] .
Further, the size of the oligonucleotide can influence its reactions with mono-and biradicals in the gas phase. Most importantly, as the size of the oligonucleotide increases, attack at the sugar moiety by the monoradical starts to dominate. For the biradical, entirely new reactions initiated by attack at the sugar moiety were observed for tetranucleoside triphosphates. These findings may be attributed to a change in the most stable conformation of the oligonucleotide due to different stabilizing π-stacking and hydrogen-bonding interactions between the nucleobases, which depend on its size and nucleobase composition. 
